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ABSTRACT 
Photocatalytic degradation of volatile organic compounds (VOCs) on titanium 
dioxide (TiO�）is a promising technique for air pollutant treatment. A new system 
is set up to study the formation of byproducts during photocatalytic degradation of 
organic compounds in air. The system consists of a photocatalytic reactor coupled 
to a state-of-the-art cryogenic preconcentrator - GC/MS detector. The degradation 
processes of some volatile organic compounds such as 1,1-dichloroethylene 
(DCE), trichloroethylene (TCE), ethyl acetate and methyl isopropyl ketone in both 
single component and in binary system were investigated. Some of the above 
experiments were performed in oxygen depleted environment so as to compare 
with those under ambient oxygen environment. Based on the byproducts detected 
in each photo-reaction, reaction mechanisms for the photodegradation of these 
organic compounds were also proposed. 
Adsorption onto solid adsorbents is of great environmental significance "in the 
treatment of VOC in air or water. The adsorption properties of some common 
organic Compounds found iii gasoline on two adsorbents, powdered activated 
carbon and zeolite (mordenite), were investigated. Some examples of organic 
compounds studied were benzene, toluene,/>xylene, 1,3,5-trimethylbenzene, n-
octane, iso-octane, hexane, and methylcyclohexane. The humidity effect on 
adsorption was studied. Besides, the studies on adsorption isotherm and thermal 
regeneration of a particular organic compound, 1,3,5-lrimethylbenzene on 
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CHAPTER 1 INTRODUCTION 
1.1. Background 
1.1.1. Volatile Organic Compounds 
Volatile organic compounds (VOCs) are generally classified as those having 
saturated vapor pressure greater than 10 "' mmHg at 25"C. They can be present as 
free molecules in the atmosphere and are generally limited to a number of carbon 
atoms in the molecular skeleton up to 20.' VOCs are present in essentially all 
natural and synthetic materials. They are widely used in and produced both by 
industrial and domestic activities." This extensive use results in their occurrence in 
aquatic, soil and atmospheric environment.^ 
VOCs in air become the focus of public attention because of their possible link to 
health effects even at trace concentrations. Exposure to airborne VOCs can cause 
headache, dizziness, and loss of short term memory, irritation of eye, nose, throat 
membranes, and skin. Prolonged exposure might cause severe health effect.^ 
However, the most significant problem related to the emission of VOCs is centred 
on the possible production of photochemical oxidants, for example, ozone and 
peroxyacetyl nitrate.� Tropospheric ozone, formed in the presence ofsunlight from 
N0^ and VOC emissions, is toxic to humans, damaging to crops, and is implicated 
in the formation of acid rain/' Emissions of VOCs also contribute to localized 
pollution problems of toxicity and odor. Many VOCs are implicated in the 
depletion of the stratospheric ozone layer and may contribute to global warming.? 
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As a result of all these problems, the list of priority pollutants prepared by the U.S. 
Environmental Protection Agency is composed of approximately 50% of VOCs. 
The Clean Air Act of 1990 calls for a 90% reduction in the emission of 189 toxic 
chemicals over the next 8 years, 70% of these being VOCs. Therefore, there is 
currently a great deal of interest in developing processes which can destroy these 
compounds.8 
Traditional approaches to pollution remediaton often involve the concentration, 
separation, or immobilization of the contaminants, usually accomplished through 
phase change. The primary drawback of these techniques is that the absolute 
toxicity of the pollutant is not diminished? Since a large number of the VOCs are 
oxidizable, chemical oxidation process can be looked upon as a viable method.'^ 
1.1.2. Photocatalytic Oxidation 
The application of heterogeneous catalytic oxidation technology to air pollution 
•I 
control is well-established.^ ""'"^  Photocatalytic oxidation of organic compounds in 
the gas-phase using semiconductor, titanium dioxide as a catalyst appears to be a 
•> 
promising process for remediation of air and groundwater polluted by V O C s � � 
Ultraviolet light of the appropriate wavelength is used to excite the semiconductor 
and, upon photoactivation, electrons (in the conduction band) and holes (in the 
valence band) become available. Afterwards, both species can interact with the 
gas phase surrounding environment. These subsequent reactions may involve 
different substances and intermediates via a complex redox mechanism that is 
• 2 
believed to involve adsorbed species (for example, hydroxyl radicals, organic 
substrates, and reaction intermediates) on the semiconductor surface." 
Gas-phase heterogeneous photocatalysis using titanium dioxide was first explored 
by Dibbe and Raupp.'^''^' They reported high levels of destruction of 
trichloroethylene (TCE) when titanium dioxide was irradiated with UV light. 
Since then, TCE photodegradation in the gas-phase has been extensively 
investigated by several research groups.'^" Publications concerning the 
degradation of other classes of organic compounds, such as alkanes, alkenes, 
aromatics, alcohols, ketones, chlorinated, oxygenated, and nitrogenated 
compounds by photoassisted titanium dioxide in both gas-phase and aqueous-
phase have also appeared.'"""^^ Most studies of photocatalytic degradation on 
semiconductors have focused on pollutant disappearance; few studies have 
examined intermediate byproduct production."^'"^ 
II 
Byproducts formation in VOCs gas-phase photocatalytic oxidation is a 
controversial matter. Dibble and Raupp'^"'^' reported COj and HC1 as the gas-phase 
products for TCE photodegradation, and concluded that the mineralization was 
completed. Yamazaki-Nishida and co-workers'^ also reported no�gas-phase 
products other than CO2 and HC1 in TCE photodegradation. Ollis and Luo"^ 
claimed that no significant intermediates were detected by GC/FlD during TCE or 
toluene photooxidation reactions. No byproducts were detected by GC/FID or 
GC/MS for TCE under the experimental set-up and conditions described by 
3 
Alberici and Jardim.i() However, Anderson detected monochloroacetate as an 
intermediate in the photodegradation of TCE in the gas-phase over titanium 
dioxide.2() Xemperature-programmed desorption (TPD) and x-ray photoelectron 
spectroscopy (XPS) were used by Larson and Falconer^" to characterize titanium 
dioxide samples used in the photooxidation of TCE in gas-solid reactor. The 
measured spectra showed that dichloroacetyl chloride (DCAC) was formed on the 
surface of titanium dioxide during photocatalytic oxidation of TCE. Nimlos and 
co-workers used Molecular Beam Mass Spectrometer (MBMS)/Fourier Transform 
Infrared (FTIR) spectrometer as the analytical tools and observed a number of 
compounds in the effluent of a photocatalytic reactor fed with TCE in air, 
including dichloroacetyl chloride, phosgene, carbon monoxide, and molecular 
chlorine, in addition to CO2 and HCL^" Degradation mechanism was then 
proposed. These results confirmed that the byproduct formation could be a 
function of the experimental conditions, of the configuration of the reactor used 
and of different analytical methods. ,, 
1.1.3. Adsorption 
Among all conventional vapor control technologies, adsorption is probably 
another simple, efficient and commonly employed method for VOC treatment. 
Although it only provides a phase transfer of organic compounds and does not 
destroy them ultimately, the robustness and the ease of operation make it a 
popular VOC abatement method. It has a dual advantage of generally having 
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lower capital costs as well as providing a means of solvent recovery in some 
process.3i 
Adsorption is a process by which material accumulates at the interface between 
two phases. These phases can be liquid-liquid, liquid-solid, gas-liquid, and gas-
solid. The substance being adsorbed on the surface is defined as adsorbate and the 
material on which the adsorbate adsorbed is defined as adsorbent."^' Adsorption 
onto solid adsorbents has great environmental significance, since it can effectively 
remove pollutants from both aqueous phase and gaseous phase.)' Commercial 
adsorbents which are generally used for the separation of gas and vapor mixtures 
include the activated carbons, activated alumina, silica gel, and the crystalline 
aliiminosilicate zeolites."^" Zeolites become more and more popular in recent 
research because zeolite molecular sieves have pores of uniform size that are 
uniquely determined by the unit structure of the crystal. These pores will 
completely exclude molecules that are larger than their diameter. On the coutrary, 
activated carbons, activated alumina, and silica gel do not possess an ordered 
crystal structure and consequently the pores are non-uniform.^" 
The history of zeolites began with the discovery of stilbite in 1756 by the Swedish 
mineralogist Cronsted.^^ Zeolite minerals were first recognized as minor but 
widespread components in cavities and vugs in basalt.'^ Since the 1950s, more 
than 1000 occurrences of zeolite minerals of sedimentary origin have been 
reported in more than forty countries.^^ Zeolites are sometimes called molecular 
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sieves because of their crystalline framework with channels (pores) and 
interconnecting voids that allow certain molecules through and exclude others that 
are too large to pass through.^^ The term 'molecular sieve’ was originated by J.W. 
McBain" to define porous solid materials that exhibit the property of acting as 
sieves on a molecular scale. 
Zeolites are naturally occurring minerals with unique properties. They form a 
large family of aluminosilicates that has been studied by mineralogists for more 
than 200 years. Many natural zeolites can be produced synthetically and several 
counterparts have been made in the laboratory since the early 1940's.^^ 
The three properties of zeolites which have industrial potential are their capacities 
to sorb gases, vapors, and liquids; to catalyse reactions; and to act as cation 
exchangers/^ Zeolites have been used as catalysis for petroleum cracking since the 
early 1960's. The successful utilization of zeolite catalyst is associated with their 
“ 
important molecular sieve and highly acidic properties/�Through ion exchange 
one may vary the cation size or alter the number of ions per unit cell by 
•> 
introducing different ions or of different charge from those originally present Thus, 
zeolites can also be used to ‘ soften' water by exchanging the calcium ions in hard 
water for the much less damaging sodium ions/ ' 
Zeolites are crystalline aluminosilicates of alkali or alkali earth elements such as 
sodium, potassium, and calcium, represented by the stoichiometry: 
6 
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where x and y are integers with y/x equal to or greater than 1, n is the valence of 
cation M, and z is the number of water molecules in each unit cell. The cations are 
necessary to balance the electrical charge of the aluminium atoms, each having a 
net charge of -1. The water molecules can be removed with ease upon heat and 
evacuation, leaving an almost unaltered aluminosilicate skeleton.^" 
The primary structural units of zeolites are the tetrahedra of silicon and aluminium, 
SiO4 and AlO4. These units are assembled into secondary polyhedral building 
units such as cubes, hexagonal prisms, octahedra, and truncated octahedra. The 
silicon and aluminium atoms, located at the corners of the polyhedera, are joined 
by a shared oxygen. The final zeolite structure consists of assemblages of the 
secondary units in a regular three-dimensional crystalline framework/� The 
aluminium atom can be removed and replaced by silicon in some zeolites, thereby 
reducing the number of cations; and the cations can also be exchanged. The inner 
atoms in the windows are oxygen. The size of the windows depends on the 
number of oxygen atoms in the ring - four, five, six, eight, ten, or twelve. The 
aperture size, as well as the adsorptive properties, can be further modified by the 
number and type of exchanged cations.^^ Mordenite, one of the most stable and 
widely distributed zeolite minerals was used throughout the experiments. 
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Many studies have been done on the VOC control by adsorption method. 
Historically, most data have been collected for the adsorption of a single 
compound from either gaseous phase or aqueous phase. Jonge and co-workers ^^  
studied the reversibility of adsorption of aromatic compounds o-cresol and 3-
dichlorobenzoic acid (3-CB) onto two types of powdered activated carbon in an 
activated sludge wastewater treatment system. Activated carbon adsorption and 
desorption of toluene in the aqueous-phase was investigated by Chatzopoulos, 
Varma and Irvine.^^ They discovered that only a small fraction of toluene was 
adsorbed irreversibly which occurred only on virgin activated carbon. Another 
study on the adsorption and thermal regeneration of methylene chloride vapor on 
an activated carbon bed was examined by Hwang and colleagues/" 
The adsorption properties of mordenites were first made known by Barrer.^^ He 
measured systemically the adsorption of different gases by mordenite in the Na' or 
H' form.47 Nishiimira and Takahashi^^ measured the adsorption of Ar, O〕，and Nj 
f/ 
by Na' mordenite. Furuyama and Sato^^ investigated the adsorption of two more 
gases, NO and CO by Na' mordenite. Commercial applications of natural zeolites 
•> 
for environmental problems still remain limited. Therefore, more developments on 
this stage are awaited to discover. -
1.2. Scope ofWork 
The regearch work was divided into two parts. In the first part, the photocatalytic 
degracJation byproducts for some volatile organic compounds such as, 1,1-
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dichloroethylene (DCE), trichloroethylene (TCE), ethyl acetate, and methyl 
isopropyl ketone in both single component degradation process and in binary 
system were studied. Parts of the experiment were performed in oxygen depleted 
environment so as to compared with those under ambient oxygen environment. 
Reaction mechanisms for the photodegradation of these organic compounds were 
also proposed. As mentioned above, FTIR, MBMS, TPD-XPS were frequently 
used to detect the photocatalytic degradation byproducts while few people used 
GC/MSD to perform this kind of study. In addition, their studies were mainly on 
single component degradation process. By means of our state-of-the-art cryogenic 
concentrator - GC/MSD system and under the experimental conditions we used, 
most of the degradation byproducts were detected?�The concentration of VOCs 
used in all experiments was simulated to real situation. 
In the second part, the adsorption properties of some common organic compounds 
found in gasoline such as, benzene, toluene, /;-xylene, 1,3,5-trimethylbenzene, n-
t/ 
octane, iso-octane, hexane, and methylcyclohexane on two adsorbents, powdered 
activated carbon and zeolite (mordenite), were investigated. A wide concentration 
range of compounds was used and the amount of adsorption at several sampling 
volume levels was studied. The humidity effect on adsorpt ion�was also 
investigated. Besides, the study on adsorption isotherm and thermal regeneration 
of a particular organic compound, 1,3,5-trimethylbenzene on mordenite in 
aqiieoys phase were performed. 
• 9 
CHAPTER 2 PHOTOCATALYSIS 
2.1. Fundamental 
Photocatalysis is a process in which there is a combination of photochemistry and 
catalysis. It implies that light and catalyst are necessary to bring about a chemical 
reaction.^' Photocatalytic degradation of volatile organic compounds (VOCs) on 
semiconductor has received a lot of attention as a promising technique for air 
pollution treatment. Although many semiconductor materials have photocatalytic 
properties, titanium dioxide, particularly in anatase form, has been the most useful, 
effective and extensively employed as photocatalyst for environmental 
applicatioiis.52-53 
Titanium dioxide offers a number of attractive characteristics. It is inexpensive 
and non-toxic. It is stable with respect to photo-corrosion and chemical corrosion. 
It promotes room temperature oxidation of the major classes of indoor air 
pollutants and exhibits the highest photo-oxidation rates among many photoactive 
metal oxides.^ '^^ ^ 
ti 
When anatase titanium dioxide surfaces are illuminated by UV light with 
]• 
wavelength shorter than 385nm, electron/hole pairs with a band gap potential of 
3.0 - 3.2eV are formed. The electrons (e “；）in the lower energy level (valence 
band) of the titanium dioxide are transferred across the band gap to a higher 
energy level (conduction band), leaving behind positively charged holes (h i^；'). 
The typical fate of electron is to reduce oxygen to superoxide. The oxidation 
potential of the hole is such that it can react with the hydroxyl groups adsorbed on 
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titanium dioxide surface to form OH* radicals. These OH* radicals are powerful 
oxidants, they react with organic compounds to eventually produce carbon 
dioxide and water."'^ ^"^^ The principle of titanium dioxide as a photocatalyst is 
shown in Figure 2.1. 
Colloidal Particle TiO^ � _ __^^^ � , : ^2 + 2H+ 
\ / ¢ ¢ ^ 
^ f V ^ 
： 聊 職 ： ： 1 ^ - , 
cc>2 ^ ~ _ . _ 卜、>、\，,> flV 
飞 ： ④ j y V ii^4^ V : / W,—. ^ >s、 y 




TiO2 ~~"> h+ + e' 
O2 + e' ^ > Oi 
Ti-OH + h+ ~ ~ > Ti-OH' 
organic compound + OH* > COj + HjO 
Figure 2.1 Principle oftitanium dioxide as a photocatalyst. 
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One of the important concerns in the photocatalytic oxidation process is the 
recombination of electron/hole pairs, which reduce the concentration of the hole and 
consequently that of OH» radicals. Thus, oxygen molecules play important roles in 
photocatalysis i.e. one being to prevent charge carrier recombination by trapping 
photogenerated electrons, and a second being to participate in the radical chain reactions. 
Air is an optimum oxidant and it is the most convenient source of oxygen, ",58-6o 
Research efforts on gas-phase photocatalysis for air pollution control applications such 
as treatment of volatile organic compounds (VOCs) have intensified in recent years. In 
this project, a new system was set up to study the formation of byproducts during the 
photocatalytic degradation of volatile organic compounds in air. The system consists of 
a photocatalytic reactor coupled to a state-of-the-art cryogenic concentrator - GC/MS 
detector. Although Hung and Marinas^" also made use of liquid nitrogen to concentrate 
the samples by passing the reactor effluent through a stainless steel trap and immersed 
into il, the reaction time was long and it took about 3 lo 5 hours for sampling. The trap 
was then taken out, gas samples were subsequently extracted through a sampling valve 
and injected into the GC/MSD. The reaction time was much shorter in our system and it 
took only 25 minutes for the VOC to degrade in the reactor and concentrate inside the 
peconcentrator before injection into the GC/MSD. 
The photocatalytic degradation of some VOCs such as, 1,1-dichloroethylene (DCE), 
trichloroethylene (TCE), ethyl acetate, and methyl isopropyl ketone were investigated. 
1,1-Dichloroethylene (DCE) and trichloroethylene (TCE) have been widely used as 
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industrial solvents for dewaxing, degreasing metals and for dry cleaning purposes."'^' 
Many soils and groundwater supplies have become contaminated due to the leaks from 
underground storage tanks and improper disposal practices"-�-�As a result, TCE and 
DCE vapor is a common contaminant found in gaseous emissions from industrial 
processes, landfills, hazardous waste sites and groundwater remediation facilities and is 
present in indoor air/'^ '^ '^ ' They are listed as a probable human carcinogen and emission 
standards necessitate its removal or destruction to innocuous materials.。？ Ethyl acetate 
and methyl isopropyl ketone are used in printing, ink, adhesives, lacquers and as solvent 
in the manufacture ofplastics/'^ Conventional VOCs vapor control technologies include 
separation, incineration, and catalytic oxidation. However, these processes tend to result 
in secondary pollution (e.g. spent sorbent, incineration and oxidation products) and high 
cost (e.g. spent sorbent regeneration or disposal/replacement, high temperature 
operation, additional fuel requirements for incineration of dilute gas streams). A 
remediation technology with potential for more economical and cleaner control of 




The Degussa P25 TiO, catalyst was characterized by the manufacturer as having a 
primary diameter of 300A , a surface area of 50 mVg, and a crystal distribution of 80% 
anatase and 20% mtile. The particles were spherical and non-porous, with stated purity 
of > 99.5% TiC>2. Stated impurities included A i p , (< 30%), HC1 (< 0.3%), S iO , (< 
0.2%) and Fe.O^ (< 0.01%). It was used as supplied without pretreatment in all the 
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experiments. Trichloroethylene (99.5%), 1,1-dichloroethylene (99.0%), ethyl acetate 
(99.8%) and methyl isopropyl ketone (99.0%) were purchased from Aldrich. They were 
used without further purification. Ultrahigh purity compressed helium gas and 
compressed nitrogen gas were purchased from Hong Kong Oxygen and Acetylene 
Company Limited. 
2.2.2. Instruments 
Grasby Nutech 3550A Cryogenic Concentrator 
The sample air from photocatalytic reactor passed through the autosampler into the 
preconcentrator. Inside the preconcentrator, the sample air was then drawn through the 
16 port valve and routed into a cryogenic trap. As water adversely affects column 
lifetime and mass spectrometric performance, a Nafion® dryer is connected in series 
with the sample flow path to selectively remove water from samples. Nafion® is a semi-
permeable polymer, developed by E.I. DuPoint Corporation. The dryer construction 
permits dry air to pass on the outside of this selective membrane and to remove any 
moisture diffusing from the inside.(’("() The diagram ofNafion dryer are shown in Figure 
2.2. 
14 
Vent to a t m o s p h e r e 
A 
/ ^ 
» — ^ 
W e t ca r r i e r ^ r ^ S ^ < = • ~J~\^ D r y c a r r i e r 
^ ¢ : ^ ^ ^ ^ ^ ¾ ^ ^ : —— , t T " ^ t 
v i « ^ 
f^^^ v _ y 
A 
D i y p u r g e gas inlet 
Figure 2.2 Nafion dryer 
Mass flow controller device regulates and measures mass flow precisely. The cryotrap 
was cooled to -160"C by controlled release of liquid nitrogen. VOCs were then 
condensed on the trap surface. A refocusing trap - cryofocuser was placed between the 
cryotrap and the GC column to enhance the chromatographic resolution of the individual 
sample components before detection on a mass spectrometer. The refocus temperature 
was set at -185"C. While this zone cooled, the sample on the cold cryotrap was flushed 
•‘ 
with helium to purge out any residual air and to reduce the carbon dioxide level trapped 
with the sample. When the cryofocuser reached temperature stability criteria, the cryotrap 
was heated to 150T and the sample was transferred to the cryofocus. The GC started to 
run after the sample was injected by ballistic heating of the cryofocus to 150T. Finally, 
the Nafion® membmne was dehydrated at 125T and then cooled immediately.^' The 
block diagram of cryogenic concentration system and the T014_LC (low concentration, 
cryofocus) method dialogue box is shown in Figure 2.3 and Figure 2.4 respectively. 
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Figure 2.4 T014_LC (low concentration, cryofocus) method dialogue box. 
•I 
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Gas Chromatograph Analysis 
GC/MSD peaks corresponding to unknown reaction intermediates / products for the 
photocatalytic degradation processes were identified with a GC model HP 6890 
including a MSD model HP 5973 (Hewlett Packard). The separation column was a 
DB-1 dimethylsiloxaiie capillary column (60 m long, 0.32 mm i.d. and 3 zvm film 
thickness) (Hewlett Packard). The initial oven temperature was maintained at 35�C for 
4 min, then heated to 180�C at 7�C/min. The fmal hold time at 180�C was 4 min. The 
total GC run time was 28.71 min. The transfer line was maintained at 100�C and the 
direct capillary interface between the GC and the MSD was at 280�C. The MSD was 
operated in the SCAN mode, scanning between 25 and 170 m/z repeatedly during the 
GC run. The photomultiplier operating voltage was 1718 Volts. The flow rate of 
carrier helium gas through the separation column was set at 2 ml/min. Mass spectra of 




2.2.3. Experimental Conditions 
TiO2 photocatalyst: 2.0 g 
Reaction gas : trichloroethylene, dichloroethylene, ethyl acetate, methyl isopropyl 
ketone ~ 6 ppm 
UV fluorescent lamp : 15W 365nm 1100 ww/cm^ 
Relative humidity : 26 土 2o/o 
Reaction temperature : 25 土 2°C 
Ambient oxygen level : 20.9% 
Oxygen depleted level : < 0.02% 
GC model HP 6890 and MSD model 5973 
Column : DB-1 dimethylsiloxane capillary column (60 m long, 0.32 mm i.d. and 3 um 
lilm thickness) 
Column oven temperature : 35�C for 4 min, 35 to 180�C at 7�C/miii, and 180�C for 4 
min 
Carrier helium gas flow rate : 2 ml/min ., 
Parameters of reactor: 
Length : 21 cm 
Width : 8 cm ^ 
Height: 28 cm 
Surface area : 1624 cm^ 
Volume : 4704 cn? 
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The X-ray diffraction pattern of Degussa P25 TiOj shown in Figure 2.5 was recorded 
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Figure 2.5 X-ray diffraction pattern ofDegussa P25 TiOj. 
2.2.4. Procedure 
Photocatalytic degradation experiments were performed at atmospheric pressure using 
a photo-reactor. The reactor is rectangular in shape with a surface area of 1624 cni" 
and a volume of 4704 cm"\ There are two openings with a diameter of 15 cm each in 
the front side of the reactor. They can be closed tightly by means of the 0-rings. It is 
also equipped with a motor fan for the thorough mixing of VOCs. The weight of the 
photocatalyst used in each experiment was kept at about 2.0 g and it was suspended in 
20 ml of distilled water. The suspended solution was evenly distributed into four petri 
20 
dishes with diameter of 7 cm. Titanium dioxide thin films were formed after heating to 
10()"C for an hour and then cooled to room temperature before use. 
The starting relative humidity in the reactor was at 26 士 2o/o which was sufficient to 
rehydrate the titanium dioxide surface continuously for photocatalytic activity. The 
initial temperature was maintained at 25 土 2 � C as measured with a Testo 610 
humidity/temperature meter. Compressed nitrogen gas was used to purge the reactor to 
0.02% oxygen level. The oxygen level was monitored by an Engineered System & 
Design Model 600 oxygen analyzer (Orbeco-Hellige) prior to the oxygen depleted 
environmental experiment. The reactor was of atmospheric pressure throughout the 
whole experiment. 1 iA of VOC was injected with gas-tight syringe through the inlet 
into the reactor in each single component photocatalytic degradation experiment. On the 
other hand, 1 ii\ of each VOC was injected simultaneously and mixed together in binary 
systems. A photo-ionization detector (MiiiiRAE Plus Professional I)ID) was used to 
monitor the concentration of VOC in the reactor. VOC vapor was allowed to reach 
equilibrium with titanium dioxide in reactor prior to an experiment. The uiitial 
concentration of VOC after reaching equilibrium was about 6 ppm. The VOC 
concentration remained constant until the reactor was illuminated by two 15W 365nm 
1100 wm/cm2 UV lamps (Cole-Parmer Instrument Company). Titanium dioxide surfaces 
were than illuminated for about 8 minutes to degrade the VOC inside the reactor before 
the sample air was drawn via the outlet connected with a Telfon tubing through the 
autosampler and routed into the cryogenic concentrator - GC/MSD system for analysis. 





- 1 C02 




0 J " ^ r' W "^^ >"r~~I t-LL| 1 r ^ 1 1~^ ^ f-~I 1 1 • i •[^ ~n 1 1 1——|*^  
Time--> 5.00 10.00 15.00 20.00 25.00 
Figure 2.6 Photocatalytic degradation for DCE before UV illumination. 
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Figure 2.7 Photocatalytic degradation for DCE after UV illumination. 
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Figure 2.8 Photocatalytic degradation for TCE before UV illumination. 
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Figure 2.9 Photocatalytic degradation for TCE after UV illumination. 
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Figure 2.10 Photocatalytic degradation for DCE & TCE binary system before 
UV illumination. 
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Figure 2.11 Photocatalytic degradation for DCE & TCE binary system in 
ambient oxygen environment after UV illumination. ‘ “ 
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Figure 2.13 Photocatalytic degradation for ethyl acetate before UV 
illumination. 
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Figure 2.14 Photocatalytic degradation for ethyl acetate after UV illumination. 
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Figure 2.16 Photocatalytic degradation for methyl isopropyl ketone after UV 
illumination. 
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Figure 2.17 Photocatalytic degradation for ethyl acetate & methyl isopropyl 
ketone binary system before UV illumination. 
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Figure 2.18 Photocatalytic degradation for ethyl acetate & methyl isopropyl 
ketone binary system in ambient oxygen environment after UV illumination. 
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2.3. Results and Discussion 
2.3.1. Photocatalytic Degradation of DCE 
Figure 2.6 and 2.7 are the chromatograms showing the degradation ofDCE before 
UV illumination and after UV illumination respectively. Reaction products 
included phosgene (CCl2O), chloroform (CHCl3), chloroacetyl chloride 
(C2H2Cl2O) and carbon tetrachloride (CCl4). The proposed predominant reaction 
pathways for the photocatalytic degradation ofDCE is shown below. 
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Cl-radical-initiated reaction played a significant role in photocatalytic oxidation of 
DCE on titanium dioxide. Loitially，hydroxyl radicals formed from water vapor 
would attack DCE molecules to form chloride radicals. The chloride radicals 
subsequently attack additional DCE molecules forming intermediates and 
eventually products including more chloride radicals that keep reacting with DCE. 
20,52,72 
The above reactions acted as an initiation step to the chain reaction below. 
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The chlorine radical added to the carbon atom boned to the hydrogen atoms in reaction 
(1). The resulting 1,1,2-trichloroethyl radical reacted with an oxygen molecule to form a 
peroxy radical according to reaction (2). It then reacted with another peroxy radical to 
give a 1,1,2-trichloroethoxy radical in reaction (3). The 1,1,2-trichloroethoxy radical 
could release a chlorine radical to form chloroacetyl chloride on the one hand (reaction 
4), and, on the other hand, it would react with a hydroxyl radical and a chlorine radical 
together with a C-C bond rupture to form phosgene and a dichloromethyl radical 
(reaction 5 & 6).2()-2“72-73 丁1记 dichloroemthyl radical would react with a chlorine radical 
to form chloroform in reaction (7). Finally, carbon tetrachloride was formed after the 
addition of a hydroxyl radical and a chlorine radical in reaction (8 & 9),20-21,28.72 
According to the proposed mechanism, DCE could be degraded. Table 2.1 shows that 
lhe amount of degradation after UV illumination for 8 and 60 minutes is 54.7 and 94.9% 
respectively. The estimated half-life of DCE is 7.31 minutes. As compared to CCljO, 
C2Il2Cl2O, and CCl4, CHC1, was more persistent. CCl.O, C.H^Cl.O, and CCl4 




Table 2.1 Degradation of DCE at different illumination time. 
Before UV After UV illumination After UV illumination 
illumination for 8 minutes for 60 minutes 
~~Concentration 6?n J M 034 
(ppm) 
Amount of “ 54?/ 94^9 
degradation (%) 
2.3.2. Photocatalytic Degradation ofTCE 
Figures 2.8 and 2.9 are the chromatograms showing the degradation o fTCE before UV 
illumination and after UV illumination respectively. The proposed mechanism for the 
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The byproducts for the photocatalytic degradation of TCE were quite similar to those of 
DCE, instead of forming chloroacetyl chloride (CjH.Cl.O) as in reaction (4)， 
dichloroacetyl chloride (C2HCl3O) was formed in reaction (10) after the 1,1,2,2-
tetrachloroethoxy radial released a chlorine radical.^ ®" '^ "'^ "^^ -^  
Similar to DCE, TCE could be degraded gradually. According to the data shown in 
Table 2.2, the amount of degradation after UV illumination for 8 minutes and 60 
minutes is 98.1% and 99.9% respectively. The estimated half-life of TCE is 4.08 
minutes. All intermediates disappeared after further reaction, however, it took a longer 
time for CHCl^ to be degraded. 
Table 2.2 Degradation of TCE at different illumination time. 
Before UV After UV illumination After UV illumination 
illumination for 8 minutes for 60 minutes 
Concentration 6.75 oTn 0.0059 
(ppm) 
•I 
Amount of -- 98.1 99.9 
degradation (%) 
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2.3.3. Photocatalytic Degradation of DCE and TCE Binary System 
The GC/MSD system mentioned above can be used to observe the intermediates during 
the degradation of DCE and TCE over irradiated titanium dioxide. However, under the 
same experimental conditions with respect to their single component photocatalytic 
degradation processes, a different picture is obtained for DCE and TCE binary system. 
Ambient Oxygen Environment 
Figure 2.10 and 2.11 shows the chromatogram for the degradation of DCE and TCE 
binary system at ambient oxygen level before and after UV illumination respectively. 
The present of TCE enhanced the degradation of DCE as we compared the DCE peak 
obtained from the photocatalytic degradation of binary system with that of single 
component. Based on the data shown in Table 2.3, the amount of degradation after UV 
illumination for 8 min. and 60 min. increases from 54.7% to 95.0% and 94.9% to 99.7% 
respectively. On the contrary, the degradation o fTCE in binary system was slower than 
that in single component process. The amount of degradation decreases from 98.1% to 
“ 
90.3% and 99.9% to 96.7% after UV illumination for 8 minutes and 60 minutes 
respectively. In addition, chloroacetyl chloride from DCE was present while 
dichloroacetyl chloride from TCE was absent. It may be due to the reason that the 
electron density around the carbon atom of DCE is higher that of TCE. > 
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Hence, the hydroxyl radicals and the chlorine radicals prefer to react with DCE rather 
than TCE. It can be concluded that TCE enhanced the degradation of DCE. 
Table 2.3 Degradation of DCE and TCE binary system at different illumination 
lime. 
Before UV After UV After UV 
illumination illumination for illumination for 
8 minutes 60 minutes 
DCE~~Concentration (ppm) ^ ^ 0.021 
Amount of “ ^ ^ 
degradation (%) 
TCE"""Concentration (ppm) ^ 0 ^ 0 ^ 
Amount of ” 9 ^ ^ 
degradation (%) 
Similar study was done by 011is and d'Hennezel, they discovered that compounds 
exhibiting TCE rate promotion were toluene, ethylbenzene, m-xylene, methyl ethyl 
•• 
ketone (MEK),acetaldehyde, butylaldehyde, methyl /er/-butyl ether (MTBE), methyl 
acrylate, 1,4-dioxane, and hexane. Rate inhibition by TCE was exhibited for acetone, 
•> 
methylene chloride, chloroform, and 1,1,1-trichloroethane. The presence of TCE has 
almost no effect on the benzene and methanol r a t e s , 
35 
Oxygen Depleted Environment 
Figure 2.12 shows the chromatogram for the photocatalytic degradation of DCE and 
TCE binary system at oxygen depleted level where the oxygen concentration was < 
0.02%. 
In oxygen depleted environment, two more sharp peaks were detected, i.e. 
tetrachloroetliane and pentachlorethane. As shown in Figure 2.20, the formation of 
tetrachloroethane observed in this study suggested that 1,1,2-trichloroethyl radicals 
could be attacked directly by chlorine radicals (reaction 11). Competition between 
reaction (11 & 12) would be consistent with no formation of tetrachloroethane observed 
at ambient oxygen level. On the other hand, the appearance of pentachloroethane as 
shown in Figure 2.21 proved that 1,1,2,2-tetrachloroethyl radicals could also be attacked 
directly by chlorine radicals (reaction 13)." Competition between reaction (13 & 14) 


















































































































































































































































































































































































































































































































































2.3.4. Photocatalytic Degradation of Ethyl Acetate 
Figure 2.13 and 2.14 shows the chromatogram for the photocatalytic degradation 
of ethyl acetate before UV illumination and after UV illumination respectively. 
The two recognized byproducts are acetaldehyde and acetone. The proposed 
reaction mechanism is as followed. 
0 0. 
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Ethyl acetate reacted with a hydroxyl radial to form acetic acid and CH3CH2O radical 
in reaction (1 & 2). Acetaldehyde and water were produced via CH3CH2OOH after the 
addition of another hydroxyl radical according to reaction (3). A hydroxyl radical 
reacted with acetaldehyde and abstracted a hydrogen atom to form a CH^CO radical in 
reaction (4). An oxygen molecule attacked the radical in reaction (5) to produce a 
peroxy radical. This CH3(C0)00* radical reacted with another acetaldehyde to form 
acetic acid and the CH3CO radical according to reaction (6). Acetone was generated 
after subsequent steps from reaction (7 to 9 ) " 
According to the proposed mechanism, ethyl acetate could be degraded. Table 2.4 
shows that 55.1% and 97.4% of ethyl acetate is degraded after UV illumination for 8 
minutes and 60 minutes respectively. The estimated half-life is 7.26 minutes. 
Table 2.4 Degradation of ethyl acetate at different illumination time. 
Before UV After UV illumination After UV illumination 
illumination for 8 minutes for 60 minutes 
“ 
~Concentration 6 l 2 1 ^ 5 O ? 
(ppm) 
Amount of “ 5 ^ \ 9 7 ^ 
degradation (%) . 
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等 
2.3.5. Photocatalytic Degradation ofMethyl Isopropyl Ketone 
Figure 2.15 and 2.16 are the chromatograms for the photocatalytic degradation of 
methyl isopropyl ketone before and after UV illumination respectively. The two 
observed peaks are acetaldehyde and acetone. The proposed degradation 
mechanism is shown below. 
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Methyl isopropyl ketone reacted with a hydroxyl radical and oxygen to form a 
CH3(CO)C(CH3)2O radical in reaction (1 & 2). Acetaldehyde and acetone were formed 
after reaction (3). Acetaldehyde could then react further to give acetone (reaction 4 to 
9). 
According to the data shown in Table 2.5, 67.5% and 97.5% of methyl isopropyl ketone 
is degraded after UV illumination for 8 minutes and 60 minutes respectively. The 
estimated half-life is 5.96 minutes. 
Table 2.5 Degradation of methyl isopropyl ketone at different illumination time. 
Before UV After UV illumination After UV illumination 
illumination for 8 minutes for 60 minutes 
~Concentration S35 2A] OT/ 
(ppm) 




2.3.6. Photocatalytic Degradation of Ethyl Acetate and Methyl Isopropyl Ketone 
Binary System 
Ambient Oxygen Environment 
Figure 2.17 and 2.18 shows the chromatogram for the degradation of ethyl acetate and 
methyl isopropyl ketone binary system before UV illumination and after UV 
illumination respectively. One addition peak was detected, i.e. diethyl ether. This 
compound was resulted from the photo-reduction of ethyl acetate. In this situation, 
methyl isopropyl ketone acts as reducing agent to reduce ethyl acetate. However, it is 
not known whether oxygen or ethyl acetate acts as oxidizing agent to oxidize methyl 
isopropyl ketone in ambient oxygen environment. Therefore, the same experiment was 
performed in oxygen depleted environment. 
Table 2.6 Degradation of ethyl acetate and methyl isopropyl ketone binary system 
al different illumination time. 
Before UV After UV After UV 
illumination illumination for illumination for 
8 minutes 60 minutes 
Ethyl Concentration 6l2 K84 0lJ52 
acetate (ppm) 
Amount of ” 7T?7 9 ^ 
degradation (%) 
~~Methyl Concentration ^ ] YJ^ o7Io 
isopropyl (ppm) 
ketone Amount of ” TLO 9 ^ 
degradation (%) 
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Oxygen Depleted Environment 
Figure 2.19 shows the chromatogram for the photocatalytic degradation of ethyl acetate 
and methyl isopropyl ketone binary system at oxygen depleted level where the oxygen 
concentration was < 0.02%. 
Based on the data shown in Table 2.6 and 2.7, the degradation of both ethyl acetate and 
methyl isopropyl ketone at oxygen depleted level are slower than that at ambient 
oxygen level. It is because there is a lack of electron scavenger at oxygen depleted level, 
therefore, the holes may compete with the organic compound for electrons. As the 
chances for the recombination of electron/hole pairs increase, the amount of electrons 
available to react with ethyl acetate decrease. In addition, the probabilities for the holes 
lo react with the hydroxyl groups adsorbed on titanium dioxide surface to form 
hydroxyl radicals also decrease. Hence, the degradation process is slowed down. 
“ 
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Table 2.7 Degradation of ethyl acetate and methyl isopropyl ketone binary system 
at different illumination time. 
Before UV After UV ~ ~ A f t e r U V ^ 
illumination illumination for illumination for 
8 minutes 60 minutes 
~ ~ E t M Concentration ^ J ^ M \ 
acetate (ppm) 
Amount of — 53.5 87.6 
degradation (%) 
Methyl Concentration ^ 2 ^ K f l 
isopropyl (ppm) 
Ketone Amount of ” 633 M^ 
degradation (%) 
According to the proposed mechanism as shown in Figure 2.22, ethyl acetate reacts with 
an electron to generate acetaldehyde and diethyl ether while methyl isopropyl ketone 
reacts with hydroxyl radicals to produce acetaldehyde and acetone. 
ln single component degradation process, titanium dioxide promotes solely the reaction 
between organic compound and oxygen molecule, therefore, only oxidation is taken 
place. However, titanium dioxide promotes the reaction between organic compounds in 
binary system. These compounds can also affect each other, so that one compound is 
reduced while the other is oxidized. In this case, ethyl acetate acts as oxidizing agent 











































































































































































CHAPTER 3 ADSORPTION 
3.1. Fundamentals 
Adsorption is a surface phenomenon that can be defined as the increase in 
concentration of a particular component at the surface or interface between two 
phases."^" lt can be distinguished into physical adsorption and chemical adsorption. 
Physical adsorption, sometimes called physisorption which involves the weak 
intermolecular forces between the atoms or molecules and the surfaces. Chemical 
adsorption, or chemisorption which involves essentially the formation of a 
chemical bond between the sorbate molecule and the surface of adsorbent."^" VOC 
emissions can be reduced by adsorption onto the surface of some adsorbing 
materials. Useful adsorbent should be able to take up relatively large quantities of 
gas per unit weight. Activated carbon is the most commercially employed 
adsorbent in VOC treatment. It is non-polar and effectively retains organic vapors 
with molecular weights over 4 5 , Another popular adsorbent is zeolite. Due to its 
structural characteristics, zeolite is a unique adsorbent in that its adsorptive 
property is specific to the size and shape of the adsorbate. Unlike activated carbon, 
the pores of zeolite are so highly uniform that they will reject any molecule 
having a diameter greater than the pore diameter. When the adsorbate molecules 
are only slightly smaller than the pore, adsorption and diffusion into the pore are 
extremely rapid." 
4 7 
Both activated carbon and mordenite are used as adsorbents for the removal of 
pollutants. Physical adsorption and chemical adsorption is adopted by mordenite 
and activated carbon respectively. Physical adsorption involves only relative weak 
intermolecular forces while chemical adsorption involves essentially the 
formation of a chemical bond between the sorbate molecule and the surface of 
adsorbent.78 As the crystal size of activated carbon is small and with many 
structural defects that unsaturated bonds dominate, chemical reaction will take 
place if adsorbates are present. On the contrary, mordenite is associated with 
homogeneous pores and adopt perfect structure that saturated bonds dominate, 
physical adsorption is found on the surface of it. 
Activated carbon presents some disadvantages. Carbon is flammable and 
promotes a fire when heated above 120°C/° Even at ambient conditions, readily 
oxidizing solvents such as ketones can initiate a fire when adsorbed onto carbon. 
II 
Impurities naturally occurring in carbon can act as catalysts and promote 
polymerization or oxidation of some solvents, resulting in byproducts which 
cannot be desorbed or which might be hazardous. In addition, il is hydroscopic 
• 
and requires relative humidity control. On the contrary, mordenite is non-
llammable material and it can withstand temperature up to 900"C. It does not 
promote solvent polymerization or reaction. It is hydrophobic and repels moisture. 
Zeolites are chemically inert and of high thermal stability, so they are particularly 
useful in solvent recovery operations where a fire risk exist when using activated 
4 8 
carbon,) Another advantage of zeolite lies in their ease of regenerability. Steam 
regeneration of activated carbon leaves a solid heel of adsorbate very difficult to 
remove without causing damage to the adsorbent.?�Furthermore, steam hydrolysis 
may occur, giving rise to hydrochloric acid and corrosion, ln most applications, 
the use of steam is not necessary with zeolite as complete desorption can be 
achieved with air at moderate temperature. The drawback of zeolite is that it 
shows relatively small initial adsorption capacities when compared with that of 
activated ca rbon , 
Gupta and Cromption^" studied the strengths and weakness of the two adsorbents, 
activated carbon and zeolite. It was shown that zeolite can successfully remove 
methanol- and xylene- like compounds, provided that the inlet concentration was 
kept low. However, the results indicated that carbon was not an effective 
adsorption medium for low molecular weight compounds with high polarity such 
as methanol. Ellis and KortlV" studied the adsorption of 1,10-trans-dimethyl-trans-
“ 
(9)- decalol (geosmin) and 2-methyisoborneol (MIB) on US-Y zeolite. They 
concluded that zeolite offered substantial selectivity towards the target compounds 
r> 
and it possessed the effect of extending the work-life of the adsorbent before 
regeneration was required. Blocki^" made use of the unique physical properties of 
zeolite adsorbent and contributed an advancement in solvent separation and 
concentration technology. He concluded that zeolite might exhibit separation 
capacity equal to or better than systems using activated carbon without requiring 
much of the support equipment. 
49 
The regeneration of the adsorbent consists of removing the adsorbed substances 
from its surface and in restoring, as far as possible, its initial adsorptive properties. 
In practice, people concerned either with the recovery of any valuable materials 
adsorbed on the surface or to use the same adsorbent many times for the removing 
noxious substances. The regenerated adsorbent should fully recover its initial 
adsorptive capacity or very near so.^ ^ 
Zeolites are much more easily regenerated than activated carbon. They have much 
higher stability in commercial regenerative processes involving thermal, acid, and 
oxidative conditions. The regeneration of activated carbons is generally 
accomplished with steam. A high velocity low pressure air stream together with 
high temperature are needed to pass through the spent carbons with adsorbates 
that evaporate at temperature below 150�C for regeneration. In addition, it 
produces an organic-rich effluent which itself requires treatment before disposal.^^ 
On the contrary, zeolites are simply regenerated by burning off rather than by high 
“ 
temperature steam. The above properties of zeolites make them to be a promising 
adsorbent in VOC control. 
Frequent pollutants exist as mixtures. Yet until recently, few researchers examined 
the adsorption properties of vapor mixtures onto an adsorbent. Gupta and Hussey^ 
studied the removal of VOCs from industrial process exhaust with carbon and 
zeolite adsorbents. It was shown that zeolite, either alone or in combination with 
carbon, could reduce exhaust volume and increase VOC concentrations up to a 
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factor of 15 with over a 95% removal efficiency. The two adsorbents offered 
complimentary rather than competing technologies. Taking advantage of different 
adsorption characteristics, carbon and zeolite have been used together, both as 
separate phases and mix media, to control complex VOC streams at printing, 
painting and electronics manufacturing facilities. 
3.1.1. Modenite 
The silica-rich mineral zeolite, mordenite, was first named by How^^ in 1864 
after the location Morden, King's Co., Nova Scotia, where samples were located. 
It is one of the most widely distributed zeolite minerals in nature. Large deposits 
of mordenite are present as sediments in the oceans and in saline alkaline lakes.^^ 
Physical characteristics of mordenite^^: 
Color is white or light yellow 
Hardness is 3 - 4 
•I 
Specific gravity is approximately 2.1 (very light) 
Luster is vitresous to silky and pearly 
+ 
Crystal System is orthorhombic; 2/m 2/m 2/m 
Transparency : crystals are transparent to translucent ‘ 
Crystal Habits include sprays of radial acicular crystal clusters that can remind 
someone of pin-cushions or snowballs. Individual crystals are prismatic to 
acicular and striated vertically. Aggregates can be radiating, fibrous, columnar and 
encrusting. 
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The formula of mordenite is 
N a , A l s S i 4 0 O c , 6 2 8 H 2 O 
The unit cell is orthorhombic and is usually characterized on the basis of 96 0 
atoms and 28 water molecules, with Na'' as the most common charge-balancing 
cation. Representative unit cell parameters are a = 18.1lA, b = 20.46A, c = 7.52A 
89. The size of the 2-D microporous channel system for the 12- and 8- membered 
rings are 6.5 * 7.0 A and 2.6 * 5.7 A respectively.^" 
The primary structural units of mordenite, SiO4 and AlO4 are assembled into 
secondary building unit as shown in Figure 3.1 where the position of tetrahedral 
(T) silicons and aluminium are shown. The complex 5-1, TfjO,() unit is based on 
the configuration of 5-rings found in group 6 zeolite where mordenite belongs 
to.()i The silicon and aluminium atoms, located at the corners are joined by a 
shared oxygen. It results in the framework topology as in Figure 3.2. The final 
“ 
mordenite structure consists of assemblages of the secondary building units in a 
regular three dimensional crystalline framework as shown in Figure 3.3. An open 
crystal lattice is formed containing pores of molecular dimensions into which 
guest molecules can penetrate. Since the micropore structure is determined by the 
crystal lattice, it is precisely uniform with no distribution of pore size, lt is this 




Figure 3.1 Secondary building unit of mordenite, TgO,^  5-1. 
^ ^ ^ W ^ . "W^W" 
" M ^ = ^ 
= ^ w ^ w ^ 
Figure 3.2 Framework topology of mordenite. 
^ ^ ^ ... 
.> 0__I r")..i_^_xj^:.f_-•-•'••• 
^ ¾ ' . 
^ ^ ¾ . 
冊 _ ^ . . . ^ . < * * - > > * - ^ * * * * * - - ' ‘ I I I 一 
Figure 3.3 Three-dimensional crystalline framework ofmordenite. 
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The Si/Al ratio in both natural and synthetic forms is generally close to 5.0 but the 
aluminium content of the framework may be decreased substantially by acid 
leaching without significant loss of crystallinity. Unlike the other zeolites, the 
channel structure of mordenite is unidimensional with blind side pockets. The 
main channel, which is formed from twelve-membered oxygen rings, has a 
nominal free diameter 6.7-7.0人.92 
Mordenite is probably the most stable zeolite. Dehydration is continuous and there 
is no evidence of any change in the structure at temperature as high as 900�C. The 
high degree of thermostability is attributed to the large number of 5-rings which 
are energetically favored in terms of stability in the framework structure" 
Mordenite was chosen instead of other zeolite molecular sieves because of its high 
Si/Al ratio. As a rule, thermostability increases as this ratio increases. We can 
compare mordenite with other zeolites of lower Si/Al ratio that shows lower 
“ 
thermostability.^^ 
Mordenite Na,Al,Si40Oc,,28H2O 900"C 
Faujastie (Na2,Ca,Mg)2,Al58S,34O38424OH2O 475()C 
Gmelinite (Na2,Ca)4AlsSi,,O4g22H2O 3 0 0 T 
Mesolite Na,4CaAl,,Si2A0l6H2O 440 - 4 9 0 T . 
Phillipsite K2(Ca,Na2)2Al,Si,oO3222H2O 160 - 2 0 0 T 
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3.1.2. Activated Carbon 
Activated carbon is probably the oldest adsorbent being used and it can be dated 
back to 1773.94 j^  j^ as been used traditionally for the removal ofodors, taste, colors 
and it can also effectively remove pollutants from both aqueous and gaseous 
phases. The raw materials for activated carbon are coconut shell, fruit nuts, 
bituminous coals, hardwoods, and petroleum coke.^^ It belongs to the group of 
graphite materials. Their elementary crystals are composed of irregularly arranged 
six-membered carbon rings. It is the spaces between the crystals which form the 
micropores. Various groups may be attached to the carbon lattice at the edges of 
the six-membered rings. Therefore, it shows very little selectivity in the adsorption 
of molecules of different size.^' The surface of carbon is essentially non-polar 
although a slight polarity may arise from surface oxidation, geometrically and 
••. •  
chemically heterogeneous.^^ Virgin activated carbon, in general, can be effective 
at removing organics with boiling points higher than approximately 40°C. The 
capacity for individual compounds of carbon is dependent on the pore size 
distribution, and thus on the manufacturer. The structure of activated carbon was 
shown in Figure 3.4.97 
^ ^ ^ ^ ¾ . 
^ ^ ^ ^ ^ ^ ^ ¾ = " 
. ^ ¾ ^ ^ . 
Figure 3.4 Structure of activated carbon. 
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Most gasoline blends are complex solutions, containing 50 to 100 components, 
formulated for burn rate (octane number), volatility (for constant performance iii 
hot and cold weather), and emission control (oxygenated fuels). The major 
components of gasoline are alkanes, alkenes, alkylbenzenes, and others such as 
PAH and lead. They account for about 60%, 6.5%, 31%, and 2.5% respectively.^® 
In regular gasoline blends, lead compounds such as tetramethyllead and 
tetraethyllead, are added to increase the octane number. However, after the EPA 
ban on lead additives in 1973, aromatic compounds including benzene and 
alkylbenzenes have generally been used instead, ln present formulations, up to 
50% of a premium gasoline blend can be aromatic compounds. These compounds 
include benzene, toluene, /7-xylene and 1,3,5-trimethylbenzene. Unfortunately, 
these compounds exhibit both acute and chronic toxicity in humans. Acute toxic 
effects include central nervous system depression, headache, and loss of co-
ordination while chronic effects include bone marrow damage and cancer，Table 
3.1 shows the Time Weighted Average values, Short-Term Exposure Limits, and 
Permissible Exposure Limits for these eight common organic compounds found in 
gasoline. The exposure limits of aromatic compounds are much lower than that of 
alkanes. Hence, it is worthwhile to find out ways to selectively adsorb these 
compounds. 
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Table 3.1 Exposure limits for common organic compounds in gasoline. 
Compound TWA (mg/m') STEL (mg/m') PEL (mg/m') 
Benzene 30 75 30 
Toluene 375 m 7 ^ 
/>xylene 4 ^ ^ 4 ^ 
1,3,5-trimethylbeiizene 110 155 --
n-octane U50 f ^ 2350 
iso-octane ~ - -
Hexane f ^ [ ^ ” 
^^Methylcyclohexane f M o f ^ f ^ 
This research work was aimed to investigate the adsorption properties of some 
common organic compounds found in gasoline on two adsorbents, powdered 
activated carbon and zeolite (mordenite). Some examples of organic compounds 
studied were benzene, toluene, p-xylene, 1,3,5-trimethylbenzene, n-octane, iso-
octane, hexane and methylcyclohexane. These compounds were chosen because 
they make up the largest amount of composition in gasoline and with moderate 
boiling point that can be separated by GC. Both qualitative and quantitative 
determination were done by GC/MSD. A wide concentration range of compounds 
was used and the amount of adsorption at several sampling volume levels was 




Benzene (99.0%), toluene (99.8%), pxylene (99.0%), 1,3,5-trimethylbenzene 
(99.9%), n-octane (99.0%), iso-octane (99.7%)，hexane (95.0%), and 
methylcyclohexane (99.9%) were purchased from Aldrich Chemical Ltd. All 
solvents were used without further purification. Mordenite was" "provided by 
Norton (Zeolon 900 Na), corresponding to the typical formula 
4 
Na8Al8Si40C)9628H2O.100 Powdered Activated Carbon, Darco G-60 (-100 mesh) 
and Neutral Activated Aluminium oxide (Brockman I, standard grade, CA 150 
Mesh) were purchased from Aldrich. Molecular Sieve 5A beads about 2 mm (-10 
mesh ASTM) and Molecular Sieve 5人 beads about 0.3 - 1.0 mm (18 - 50 mesh 
ASTM) were purchased from Merck. 
The physical properties of these adsorbents were shown in Table 3.2. 
Table 3.2 Physical properties of adsorbent. .‘ 
Adsorbent Surface area, m /g Density, g/ml 
Activated carbon 1000 o 3 1 
Mordenite ^ ^ 
Molecular sieve SA (2 mm) ^ 0 ^ 
Molecular sieve SA (0.3-1.0 mm) ^ 0.75 . 
Neutral activated aluminum oxide 150 0.99 
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3.2.2. Instrument 
Both qualitative and quantitative analysis were done by GC model HP 6890 
equipped with a split-splitless injector and a MSD model HP 5973 (Hewlett 
Parkard). The separation column was a 5% phenyl methyl siloxane capillary 
column (30 m long, 0.25 mm i.d. and 0.25 um film thickness) (Hewlett Parkard). 
The column head pressure was 9.97 psi. The flow rate and average velocity of 
carrier helium gas was set at 1.3 ml/min and 42 cm/sec respectively. The inlet 
« 
temperature of the GC was set at 250°C. It was operated at split mode with 5 : 1 
split ratio and a total flow at 10 ml/min. The initial oven temperature was 
maintained at 35°C for 2 min, then heated to 150°C at 6°C/min. The fmal hold 
time at 150°C was 2 min. The total GC run time was 23.17 min. The direct 
capillary interface between the GC and the MSD was at 280°C. The MSD was 
operated in the SCAN mode, scanning between 35 and 250 miz repeatedly during 






Three more commercially available adsorbents were used to compare with 
powdered activated carbon and mordenite in the adsorption properties of some 
common organic compounds found in gasoline. They were neutral activated 
aluminium oxide (Brockman I, standard grade, CA 150 mesh), mokcular sieves 
5A beads of 0.5 nm of pore diameter with 2 mm and 0.3 - 1.0 mm of particle 
diameter respectively. Their major composition is sodium aluminiumsilicate. The 
same experimental procedure was followed as for activated carbon and mordenite. 
The result shows in Table 3.3 that the adsorption capacity of all these adsorbents 
are comparable to each other and there is no selectivity towards aromatic 




Amount of air sampled: 5 L 
Conc. ofbenzene, toluene, 1,3,5-trimethylbenzene andp-xylene : 50 mg/m^ 
Conc. ofhexane, n-octane, iso-octane and methylcyclohexane : 100 mg/m^ 
Table 3.3 Amount adsorbed per unit area of adsorbent (wg/m^)10'^ for three 
different kinds of adsorbent. 
Compounds molecular sieves SA Molecular sieves pA neutral activated 
(2 mm) (0.3-1.0 mm) aluminum oxide 
Hexane 4.07 3 ^ i T o 
Benzene 5.02 L^\ 6 ^ 
Iso-octane 11.6 2M f T o 
Methylcyclohexane 5.80 2.55 ^ M 
Toluene 7.78 J m ^ 
Octane i T l 15^9 m 
pxylene 7.85 ^ : ^ 
1,3,5-trimethylbenzne 4.28 4 ^ ^ ^ 
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Adsorption in Gaseous Phase 
Prior to use, mordenite was pre-treated with 0.5 M hydrochloric acid solution to 
remove the impurities and washed with Milli-Q water until no chloride ion was 
detected with silver nitrate. It was dried in an oven at 105°C for 2 hours. The 
structure of mordenite remain unchanged when we compared the X-ray diffraction 
pattern before and after acid treatment as shown in Figure 3.5 and Figure 3.6 
respectively. For the other adsorbents, they were repeatedly rinsed with Milli-Q 
* 
water to remove the fines and dried ovemight at 110°C. All adsorbents were 
stored in a desiccator. 
The adsorption experiments were performed at ambient temperature using a 50 L 
reactor. The relative humidity in the reactor was adjusted by drawing the gas in the 
reactor by means of an air pump and flow through a dryer tower filled with CaCl2. 
The initial temperature was maintained at 25±l°C as measured with a Testo 610 
humidity/temperature meter. VOCs were injected into the reactor according to the 
“ 
desired concentration which was monitored by a photo-ionization detector 
(MiniRAE Plus Professional PID). The concentration of aromatic compounds was 
half of that of alkanes throughout the experiment in order to simulate real 
situation. VOC vapors was allowed to reach equilibrium prior to an experiment. 
The weight of adsorbent used in each experiment was kept at about 1.0 g and then 
packed into a 55 mm x 6 mm Telon tube. It was used in series with a SKC 
portable air pump to collect solvent vapors from the reactor. Both packed tubes 
were connected to the reactor individually to make comparison on adsorption 
properties. The battery operated pumps were preset at a controlled flow rate at 
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22.5 ml/min and the solvent vapors in the reactor was drawn through the 
adsorbent tube and back into the reactor again for circulation. The adsorbent tubes 
should always be vertical during sampling to prevent channelling of the 
adsorbents.'®' After the desired amount of sample gas was collected, the adsorbent 
was removed and placed in sample vial and sealed. The vial consisted of a 
graduated vial with a screw top containing a Teflon coated septum tp permit 
sampling with a syringe. The collected samples from the adsorbent tubes were 
} 
* 
desorbed in 2 ml of spectrograde dichlromethane which had the least amount of 
impurities that would interfere in the sample analysis. The samples were agitated 
for a minimum of30 minutes for complete desorption. After agitating the samples, 
1 u\ of aliquot was withdrawn with a syringe and injected into the GC/MSD for 
analysis. 
ln order to increase the accuracy and reproducibility of the injected sample 
volume, solvent flush technique was employed.'®^ The syringe was first flushed 
$1 
with dichloromethane several times to wet the barrel and plunger of the syringe 
and 1 u\ of dichloromethane was drawn into the syringe. The needle from the 
今 
dichlromethane was removed and the plunger was pulled back to the 0.5 u\ mark 
to separate the solvent flush from the sample with a pocket of air. Tht needle was 
immersed in the sample and 1 u\ of aliquot was withdrawn. It was then removed 
and the plunger was pulled back 'to minimize evaporation of the sample from the 
tip of the needle. Triplicate injections of the same sample were made and the 
average peak area for each compound was determined. 
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The X-ray diffraction pattem of mordenite was recorded with a Philips MPD 
18801 diffractometer using CuA^a radiation. 
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Figure 3.6 X-ray diffraction pattem of mordenite after acid treatment. 
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3.3. Results and Discussion 
Table 3.4 shows the amount adsorbed per unit area of adsorbent (wgW) at two 
sampling volume levels. As the volume of sample air increased, the adsorption 
capacity of adsorbents increased at the same time. The adsorption capacity of 
1,3,5-trimethylbenzene on mordenite was higher than that on activated carbon. It 
is due to the fact that the critical diameter of 1,3,5-trimethylbenzene which is 8.SA 
fit well with that of mordenite.'®^ .， 
t 
Amount of air sampled: 3 L, 5 L 
Conc. of benzene, toluene, 1,3,5-trimethylbenzene and ；？-xylene: 50 mg/m^ 
Conc. ofhexane, n-octane, iso-octane and methylcyclohexane: 100 mg/m^ 
Table 3.4 Amount adsorbed per unit area of adsorbent (z/g/m")10"^ at two 
sampling volume levels. 
3 L air 5 L air 
Compounds Activated carbon mordenite activated carbon Mordenite 
Hexane 19.2 ” 26.60 “ 
^ ^ _ ^ ^ _ _ ^ _ ^ ^ ^ ^ ^ _ ^ _ _ ^ ^ ^ ^ ^ _ _ ^ ^ _ _ ^ _ ^ ^ ^ _ _ _ _ _ ^ “ 
Benzene 4.62 1.85 14.30 4 ^ 
iso-octane 10.04 -- 12.60 I 
Methylcyclohexane 6.56 -- n.60 ~ 
Toluene 9.63 2J2 17.05 4 ? ^ 
n-octane 3.34 -- 4 ^ I 
J^-xylene ^20 ^ 2M ~ ~ L 5 4 ~ ~ ~ 
u ^ n s ^ Y^i ^ ~ ~ 
trimethylbenzene 
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Figure 3.7 and 3.8 shows the amount adsorbed per unit area of activated carbon 
and mordenite at various concentration levels respectively. It ranged from 20 
*1 ^ 1 0 
mg/m to 200 mg/m for aromatic compounds and 40 mg/m to 400 mg/m for 
alkanes. With the concentration rose, the adsorption capacity of activated carbon 
increased sharply as compared with mordenite. Therefore, activated carbon can 
handle a wide concentration range while mordenite cannot. However, mordenite is 
> 
« 
suitable for adsorption of organic compounds at low concentration range. The 
adsorption capacity of 1,3,5-trimethylbenzene on morde.nite was higher than that 
on activated carbon for all concentration ranges. It may be due to the same reasons 
mentioned above. 
Amount of air sampled: 5 L 
Conc. ofbenzene, toluene, 1,3,5-trimethylbenzene andp-xylene: (A) 
Conc. ofhexane, n-octane, iso-octane and methylcyclohexane: (B) 
“ 
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Figure 3.7 Amount adsorbed per unit area of activated carbon at various 
concentration levels. 
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Figure 3.8 Amount adsorbed per unit area of mordenite at various 
concentration levels. 
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Figure 3.9 shows the amount adsorbed per unit area of activated carbon at four 
relative humidity levels. The adsorption capacity was the highest at relatively low 
humidity value (25%) when compared with the subsequent humidity levels. This 
is expected since the strongly polar water vapor is unlikely to find a non-polar 
adsorbent, like activated carbon. However, a sharp decrease in adsorption capacity 
was noticed at higher relative humidity value (45%). It is because, water vapors 
competes with VOCs for adsorption sites on the surface of activated carbon. 
> 
Figure 3.10 shows the result for mordenite. It was only affected slightly by 
humidity when compared with activated carbon and the amount adsorbed on 
mordenite was higher than that on activated carbon at high relative humidity level 
( > 45%). 
Amount of air sampled: 5 L 
Conc. ofbenzene, toluene, 1,3,5-trimethylbenzene andp-xylene: 50 mg/m^ 
Conc. ofhexane, n-octane, iso-octane and methylcyclohexane: 100 mg/^ 
/1 
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Figure 3.9 Amount adsorbed per unit area of activated carbon at four relative 
humidity levels. 
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Figure 3.10 Amount adsorbed per unit area of mordenite at Tour relative 
humidity levels. 
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3.4. Adsorption Isotherm of l,3,5-trimethylbenzene on 
Mordenite in Aqueous Phase 
Adsorption is an equilibrium process. The adsorption equilibrium study, in which 
there is no net mass transfer between the solid and fluid phase, is conducted to 
determine the distribution of an adsorbate between the bulk fluid phase the phase 
adsorbed on the adsorbent. This equilibrium distribution is measured at a fixed 
temperature and is hence termed as equilibrium isotherm. There have been a 
number of mathematical expressions used to describe the isotherms for both 
monolayer and multilayer coverage of the surface.'^^ 
The equilibrium isotherm for 1,3,5-trimethylbenzene adsorption from an aqueous 
solution on mordenite was determined at 25±l0C. 1.0 g of mordenite was weighed 
and added into a 200 ml round-bottomed flask. It was then filled with 1,3,5-
trimethylbenzene solution which had been prepared in stock overnight, sealed 
with paraffin and stirred with magnetic stirrers at the maximum speed. Adsorption 
“ 
equilibrium was reached in a few hours with no appreciable further decrease in 
1,3,5-trimethylbenzene concentration. The duration of the equilibrium 
experiments in the isotherm flask was 5 hours. In order to avoid any 1,3,5-
trimethylbenzene volatilization during the experiments, no head space was left in 
the isotherm flask. Although preliminary tests indicated no significant 1,3,5-
trimethylbenzene lost from the isotherm flask in the absence of mordenite, one 
blank was included and was used to determine the initial concentration in the 
flask. In this way, any minimal 1,3,5-trimethylbenzene lost due to adsorption on 
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the flask was accounted for. Both flasks were sealed with paraffin. Upon 
equilibration, stirring was stopped and mordenite was allowed to settled at the 
bottom of the flask. 1 u\ of the liquid phase 1,3,5-trimethylbenzene solution was 
withdrawn by a syringe and injected into the GC/MSD for analysis directly. 
The plot of equilibrium isotherm of 1,3,5-trimethylbenzene on mordenite was 
shown in Figure 3.11. The adsorption equilibrium data was close to Langmuir 
> 
isotherm. ‘ 
Langmuir presented an ideal monolayer adsorption isotherm : 
q = Q o X b X C / ( 1 + b x C ) 
where q = equilibrium adsorbed amount on the adsorbent 
Qo = a temperature-independent constant which is supposed to represent a 
fixed number of surface sites 
b = a temperature dependent equilibrium constant 
C = equilibrium concentration .. 
This expression shows the correct asymptotic behavior for monolayer adsorption 
今 
since at saturation C — co, q ~> Qo, while at low sorbate concentration Henry's 
law is approached. 
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Figure 3.11 Adsorption isotherm of 1,3,5-trimethylbenzene on mordenite in 
aqueous phase. 
3.5. Thermal Regeneration of l,3,5-trimethylbenzene on 
Mordenite in Aqueous Phase 
Upon equilibration for 1,3,5-trimethylbenzene adsorbed from an aqueous solution 
on mordenite, it was allowed to settle at the bottom of the flask for"one day. 
Liquid phase 1,3,5-trimethylbenzene solution from the flask was then taken out 
with a glass syringe and separated from the mordenite. The used mordenite was 
put into the furnace and heated up to the desired temperature for a certain period 
of time before the re-adsorption experiment. The optimal conditions of the 
regeneration process were determined in which the temperature of the oven and 
the time of regeneration played a major role. The effect of regeneration 
temperature ranging from 300°C to 700°C for a period of 2 hours and 4 hours 
regeneration time on the adsorption capacity of mordenite was investigated ‘ 
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respectively. In addition, the effect of regeneration time and number of 
regeneration cycle on the adsorption capacity of mordenite at an optimum 
temperature achieved were studied. 
The percentage regeneration (PR) of mordenite regenerated via equilibrium 
adsorption (loading) tests followed by regeneration and reloading was assessed. 
‘ . ‘ 
Identical initial conditions and experimental procedures were followed in both 
) 
adsorption and re-adsorption tests. ‘ 
A widely used approach to determine the effectiveness of mordenite regeneration 
was to load mordenite with a given contaminant via an equilibrium adsorption 
test, then regenerated it. The regenerated mordenite was submitted to another 
loading test. The percentage regeneration (PR) was calculated as follows:; 
PR = q r / q e l x 100% 
where qr = adsorption capacity of regenerated mordenite after the readsorption 
n 
equilibrium (mg/g) 
qel = adsorption capacity of virgin mordenite, i.e. the equilibrium amount 
of contaminant adsorbed per unit mass of mordenite (mg/g) 
q e l = ( C o - C e l ) x V / M * 
where Co = initial liquid phase contaminant concentration (mgA.) 
f 
Cel = equilibrium liquid phase concentration for the first cycle (mg/L) 
V = volume of contaminated water in the flask 
M = mass of mordenite used in the test 
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The above equation has been called ” the standard equation “ for calculating PR. li 
was used by Martin and Ng, Srivatava and Tyagi, and Narbaitz and Cen to 
determine the percentage regeneration of activated carbon.'®^ When the above 
equation was applied to calculate the adsorption capacity of mordenite for 
subsequent regeneration cycles, the loading achieved by regenerated mordenite 
was resulted as in Figure 3.12. 
> 
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Figure 3.12 Schematic of the loading achieved by a batch of virgin mordenite 
and the same batch after it is regenerated. 
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Figure 3.13 represents the effect of regeneration temperature for a period of 2 
hours and 4 hours regeneration time on the adsorption capacity of mordenite 
respectively. Figure 3.14 corresponds to the adsorption efficiency relative to virgin 
mordenite in percentage. The result shows that the amount of 1,3,5-
trimethylbenzene re-adsorbed on mordenite after regeneration for 4 hours is higher 
than that for 2 hours and an optimum temperature is reached at 600�C after 
regeneration for 4 hours with 95% adsorption efficiency. Slightly better result was 
i 
obtained when 700�C was used for regeneration. For maximum process economy, 
however, a lower temperature may be desirable in order to obtain a greater 
recovery ofproduct with only a slight reduction in adsorptive capacity. 
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Figure 3.13 Effect of regeneration temperature on adsorptive capacity. 
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Figure 3.15 represents the effect of regeneration time on the adsorption capacity of 
mordenite at a maximum of 600°C and Figure 3.16 corresponds to the adsorption 
efficiency relative to virgin mordenite in percentage. It shows that the optimum 
regeneration time is 4 hours with 95% adsorption efficiency is achieved. 
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Figure3.15 Effect of regeneration time on adsorptive capacity. 
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Figure 3.17 represents the effect of number of regeneration cycle on the adsorptive 
capacity of mordenite at 600°C and Figure 3.18 corresponds to the adsorption 
efficiency relative to virgin mordenite in percentage. The result shows that the 
adsorptive capacity remains fairly constant even after 4 cycles of regeneration with 
about 90% adsorption efficiency. Therefore, the consumed mordenite can be used 
repeatedly after thermal regeneration. 
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Figure 3.18 Effect of no. of regeneration cycles on adsorption efficiency 
relative to virgin mordenite. 
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CHAPTER 4 CONCLUSION 
The gas-phase photocatalytic degradation byproducts for some volatile organic 
compounds such as 1,1 -dichloroethylene (DCE), trichloroethylene (TCE), ethyl 
acetate and methyl isopropyl ketone on titanium dioxide in both single component 
and in binary system have been studied. By means of the new set-up which 
consists of a photocatalytic reactor coupled to a state-of-the-art cryogenic 
preconcentrator - GC/MS detector, most of the degradation byproducts were 
detected. The identified byproducts for the photocatalytic oxidation of DCE and 
TCE include CCl.O, CHC1,, CCl4, C2HCl3O, and C,H,CW. All of them 
disappeared after further reaction. For DCE and TCE binary system, it was found 
that the presence ofTCE enhanced the degradation ofDCE. Two more byproducts, 
i.e. tetrachloroethane and pentachloroethane were detected in oxygen depleted 
environment. During the single component photodegradation of ethyl acetate and 
methyl isopropyl ketone, the two recognised byproducts were acetaldehyde and 
acetone. Diethyl ether was the additional compound observed in binary" system. 
The experimental result showed that redox reaction took place. Methyl isopropyl 
ketone was oxidized and ethyl acetate was reduced, ln addition, the degradation of 
both ethyl acetate and methyl isopropyl ketone in binary system al oxygen 
depleted environment were slower than that at ambient oxygen level. 
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The results from the adsorption study showed that mordenite has a higher affinity 
for aromatic compounds than activated carbon. Due to its structural characteristics, 
mordenite is a unique adsorbent with uniform pore size. These pores will 
completely exclude molecules that are larger than their diameter. Hence, its 
adsorptive property is specific to the size and shape of adsorbate. ln the 
concentration study, the results showed that the adsorption capacity of 1,3,5-
trimethylbenzene on mordenite was higher than that on activated carbon for all 
concentration ranges.^() Activated carbon was able to handle a wide concentration 
range while mordenite did not. However, mordenite was suitable for adsorption of 
organic compounds at low concentration range. In the humidity study, the 
experimental results showed that the adsorption capacity on activated carbon was 
the highest at relatively low humidity value (25%) and a sharp decrease was 
noticed at higher relative humidity value (45%). On the contrary, mordenite was 
only affected slightly by humidity and the amount adsorbed was higher than that 
on activated carbon at high relative humidity value (> 45%). In the adsorption 
isotherm study of 1,3,5-trimethylbenzene on mordenite in aqueous phase, the 
adsorption equilibrium data at 25()C was close to Langmuir isotherm. In the 
thermal regeneration study of 1,3,5-trimethylbenzene on mordenite in aqueous 
phase, 95% adsorption efficiency relative to virgin mordenite was achieved after 
regeneration at 600"C for 4 hours. The adsorptive capacity remained fairly 
constant even after 4 cycles ofregeneration with about 90% adsorption efficiency. 
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